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Abstract 
The influence of the structural features of the lath martensite 
morphology on the yielding and deformation processes in a high purity 
Fe-0.2 C alloy in both the as-quenched and tempered conditions has 
been investigated. Structural features were characterized in deformed 
and undeformed specimens by light and transmission electron microscopy 
and then correlated with mechanical properties obtained by tensile 
testing specimens with a range of packet sizes. 
A Hall-Petch plot of the 0.2% offset strength versus packet size 
for the as-quenched Fe-0.2 C martertsite yielded a slope of 4.98 kg/rd~ 
si·gni.ftcant ly higher than the slope norn;tally· nieasurecJ for lath marten-
s:lti~ and ferritic alloys. The slope·:measuted foI". in.creas.irig plastic 
· ,, · .. 3·/2 'St·t$.ins· gradually decreased to 2 .2 k·g./nun · ·at a strij,iri of 2%. Trans-
mis,ffion electron m1.ctoscopy revealed a. dispersion of ve.ry :fi.:ne carbides 
'throughout some of the more heavily autotempered laths and a· heavy 
concentration of fine carbides at the lath boundaries in the as-
quenched structure. The trans.formation shear was acconnnodated by a 
uniformly dense tangle of dislocations between lath boundaries. Lath \ . 
and dislocation structure appeared to be independent of packet size. 
The deformation substructure was characterized by a well-developed 
dislocation cell structure. The fine-carbides were observed primarily 
in the cell walls, while the cell in_teriors were clean. Stress- induce,d 
boundary migration and lath bending also occurred to acconmodate the 
lath structure to externa,l · loading. 
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The tempered specimens yielded at s 1 ight ly higher stresses than 
as-quenched specimens of the same packet size, but showed little work 
hardening. The tensile properties showed little dependence on packet 
size. A Hall-Petch plot of the 0.2% offset strength versus packet size 
3/2 yielded a slope of 0.56 kg/mm • The slope gradually decreased with 
increasing strain, and for strains greater than 0.75%, Hall-Petch plots 
yielded negative slopes. 
Tempered microstructures .were characterized by a dramatic reduc-
tion in the dislocation density, considerable lath coarsening as a 
result of thermally induced boundary migration and coalescence, and a 
complex distribution of carbides of three different sizes and shapes. 
Disk shaped carbides, 0.07 ~ in diameter by 0.014 µ,min thickness, 
and small spherical ·carbides about 0.01 tJ,ID in diameter were distrib-
uted throughout the. lath mat·r ix, while coarser, ob long_ part.ic les, 
avera_ging about :0.0·2 µ,m thick ·.by .Q.085 µ.m long· wer·e: .found at the vari-
·ous bounda·ries. Boundary pre-c·fp-itation was favored in the finer 
laths. 
Well :de·fined dislocat:i..on eel-ls ·w.¢r.e not observed in the deformed 
·tempered specimens. Dislocations app·eared heavily jogged, but consid~ 
erable dislocation free area remained after 4% strain. The small 
spherical carbides were associated with jogs and dislocation inter-
sections and probably provided effective obstacles to mobile dislo-
cations. No evidence of loops or dislocation pile-ups was observed 
at the larger carbides as dislocations were apparently able to easily 
'.:lt 
bypass them. Thus, even the mild temper, one minute at 400°C, used in 
this investigation produced a carbide distribution too coarse for ef-
1 fective hardening. 2 
I. Introduction 
The martensitic transformation has long been recognized as a 
potent strengthening agent in iron and steel. In the lath type 
morphology observed in dilute ferrous alloys, there are a number of 
superimposed strengthening mechanisms, and the strengthening effect 
of the lath boundaries and dislocations of the transformation sub-
structure is often masked by interstitial and substitutional atoms 
in solid solution, precipitates, and grain boundaries. Thus, despite 
numerous investigations devoted to the strength of lath martensite, 
the relative contributions of the various strengthening mechanisms 
remain uncertain. 
Analysis of the strength of these alloys is complicated by the 
very nature of the martensitic transformation and the resulting sub-
structure. However, the identification and measurement of the vari-
ous substructural features in recent years has made the problem of 
relating mechanical properties to structure tractable. A brief 
summary of the important features of the lath martensite morphology 
is presented in Section A. 
A more serious complication is encountered in low-carbon Fe-C 
martensites, which are characterized by relatively high transforma;,. 
tion temperatures. A Fe-0.18 wt% C alloy, for example, transforms 
to martensite over a temperature range extending from 478°C down to 
. 
395°C.[l] At these temperatures, carbon has ample time to migrate 
to defect sites in the newly formed martensite, and to precipitate 
unless the quench is extremely rapid. The str~ngthening effects of 
3. 
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pinned dislocations and precipitated carbides are superimposed on 
those of the transformation substructure during the quench. Conse-
quently, the processes occurring in the early stages of tempering 
in low-carbon martensites are reviewed in Section B. 
With this background, a brief review of the numerous investi-
gations on the strength of lath martensites is presented in the 
third section. Finally, in Section D, a statement of the purpose 
of this investigation is presented. 
Section A. Lath Martensite Morphology 
Lath martensite is characterized by packets or bundles of 
apparently parallel laths.[2, 3 ] Upon transformation, each austen-
itic grain is subdivided into several packets. Therefore, three 
major types of boundaries, shown schematically in Figure 1, consti-
tute much of the transformation substructure: prior austenitic 
grain boundaries, martensitic packet boundaries, and lath boundaries. 
Transmission electron microscopy[4, 5, 6 ] has shown that each 
packet is in fact composed of a matrix of laths of a particular 
transformation variant separated from each other by low angle 
boundaries with laths of a different transformation variant dis-
persed throughout the matrix and separated from the matrix by high 
angle boundaries. The total lath boundary area per unit volume of 
-
-1 martensite, S, is extremely high, 65,000 cm , with the low angle V 
component five times larger than the high angle component. [ 6 ] 
Speich and Swann[4J proposed that the laths might form in a 
cooperative manner, adopting different variants of the Kurdjumov-. 
Sachs austenite-martensite orientation relationships to minimize 
4 
~-
·,, 
the shape change imposed by the transformation, and consequently, 
the strain energy. The K-S orientation relationships are given 
by, [7] 
(lll)A 11 (Oll)M 
[llO]A 11 [111~ 
Twenty-four variants are obtained by choosing two different <lll>M 
directions for the three <llO>A directions in each of the four non-
equivalent (lll}A planes. The occurrence of high and low angle 
lath boundaries and occasional twin-related laths was rationalized 
on the basis of different combinations of K-S variants. 
Chilton et aL [ 5] attempted a statistical evaluation Of the 
or-ienta.~!011. r.ela.t·-10:n·sh.i_ps between adjacent raths .in Fe-C and Fe:--Nf~C 
:tna·r·tens it_es •. -Ad.J.ace.JJ,t lat.hs we.re assumed t:o· -adp.pt: di£·f·e·rent yirrJ-
d·Iv1.ded lnt.o four clas·.s.es: H'owever b·ecause· of l imitat io1ts i.n t·he ... '' ' ' ' ,, . ' ''', ,,,, ''' '' ' ' • . ' ' ' ' ·J '' ' ' •,' ,,' ' ' .. ' '' ' ,• ' 
.accollllllpdat: ing. tl"ie ·s-t.ra.tn .e.net.gy· of the ma·tte .. n.~ ftic shear, the ·C;?~:p_e:r:f-~ 
mental observations fell into t.J:1:ree i~roups. The results -w~:re t:o-n-
:s:istent with the theory that adjacent laths adopt dtfferent K-S 
variants, but could not substantiate any conclus:ive statement about 
cooperative formation. Unfortunately, any statistical analysis of 
the combinations of variants observed is undermined by what appears 
to be preferential polishing on a particular set of variants, the 
·, 
<100> - <111> combination. This combination has been frequently 
[5 6 8] reported ' ' in the literature. 
·. ':" . 
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Also of interest is the range of lath widths observed within a 
packet. The distribution of laths is log normal in Fe-C martenaites, 
with the most frequently observed width being about 0.15 ~- (6 J 
Occasional large laths between l ~ and 2 ..,.an in width are distrib-
uted throughout a packet. Similar lath width distributions have 
been reported for martensites of various compositions and grain 
i [9,10,11] s ze. 
Hot stage cinephotomicrography[l2] has given some insight into 
the reasons for the observed range of lath widths. Packets were 
observed to form in two ways: 
a) the formation of parallel but nonadjacent laths with 
the subsequent nucleation and growth of other parallel 
laths in the intervening austenite; 
b) successive nucleation and growth of parallel laths 
innnediately adjacent to one another. 
The variation in widths resulted from large laths forming in 
essentially undeformed austenite early in the transformation and 
fine laths forming in the deformed austenite adjacent to martensite 
laths later in the transformation. Evide.nce that each lath is the 
result of an independent martensitic ·shear was obtained[lZ] by 
superposing the lath width distribution measured in thin foils 
and that measured from replicas of the surface relief produced by 
' 
the transformation. 
The internal strain produced by the transformation shear is 
largely accommodated by slip, as evidenced by the uniformly dense 
6 
tangle of dislocations throughout the lath interior. 11le dislo-
cation density is extremely high, estimated by Speich,[l) using 
12 -2 electrical resistivity measurements, to be 0.3 - 0.9 x 10 cm . 
There is also a small amount of twin.ning observed, the volume 
fraction increasing with increasing carbon content and decreasing 
M. '11te laths with transformation twins are believed to be those s 
formed in the later stages of transformation, close to the Mf. 
The laths formed earlier in the transformation are exposed to a 
more severe autotempering and can sometimes be identified by the 
presence of Widmanstatten carbides. This will be discussed in 
detail in the following section. 
Section B. Early Stages of Tempering 
In low carbon Fe-C martensites, carbon redistribution during 
quenching is a phenomenon that can not be avoided. The nature of 
any precipitates that might form during the quench and the thermally 
induced structural changes that occur are of extreme interest in 
analyzing the strength of these martensites. Speich[l] followed 
the redistribution of carbon during the tempering of a series of 
low carbon martensites containing 0.02 wt% to 0.57 wt% C. Attempts 
to produce a "virgin" martensite by quenching 0.25 nnn thick samples 
at rates of 1040c/sec did succeed in suppressing all carbide pre-
·..:: 
,.,_ 
cipitation, but not the segregation of carbon to defect sites, 
' ., 
either at the random dislocations between the lath walls or at the 
walls themselves. In-alloys with· less than .0.2 wt% c, approximately 
7 
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901 of the carbon was segregated during the quench. Only in alloys 
with carbon contents exceeding 0.2 wt1., the concentration apparently 
required to saturate the defect sites, was carbon retained in solu-
tion at interstitial sites removed from defects. Interestingly, 
this is also the concentration at which tetragonality in Fe-C mar-
tensites is first detected. 
When subjected to further tempering at temperatures below 
150°C, only those carbon atoms in normal interstitial sites are 
precipitated as c-carbide. In alloys with carbon contents below 
0.2 wt%, the segregation process is completed, but no precipitation 
occurs. There is no driving force for precipitation, because carbon 
-~toms segregated to defect sites repres·ent a lower energy state than 
[13] c:arbon at c-carbides. -
.There is some. uncertaJn-ty as to whe·the·r ·or npt Hh'gg carbide is 
formed -~s- }1n. iiite.rmed{at-e f?t·ep between c-carbicle ·(3.nd cementite in 
low car·bon mattensit.es.. In samples tempered at 2000.c to 250·0 c,: 
parently d·rai:ning: c,~rrbon from dislocation sites· .. He· was unable t:o 
.,·. •,• ;•I', •, 
obtain suit·ab·te electron diffraction patterns for an unambiguous 
' 
. 
. d . f . • f h . . t s d . [ 14' 15' 16] f h .. i ent i 1cat 10n o t e prec 1p1 ta e. _ tu ies o - ·t e prec 1'.p,~-
itates formed on aging low-carbon ferrites suggest the carbide is 
cementite, as the precipitation of e-carbid~ was not observed in 
this temperature range. . · [17] However, Jack and Wild have demonstrated 
that the diffraction pattern of a faulted Hligg carbide is similar ... 
.. 
to that of cementite, raising the possibility that some ·precipitates 
' . 
8 
. ' ,,. 
previously identified aa cementite might in fact be Hlgg carbides.· 
11le final carbide phase to appear in the tempering sequence is 
cementite. With increased time and/or temperatures, spheroidal 
cementite particles at the various boundaries gradually coarsened 
at the expense of the particles throughout the matrix, whether 
cementite or HYgg carbides. 
Speich made use of extremely thin samples to achieve quenching 
rates rapid enough to prevent precipitation during the quench. 
These quenching rates can not be achieved in larger samples nec-
essary for mechanical testing, and the as-quenched structure usually 
contains a dispersion of fine second phase particles. Often, the 
dispersion is too fine for identification with electron diffract:i-on., 
but Widmanstatten cementite precipi,ti1tes w:i.th (110"} . h·a.b_its: ha.ve. been 
. m 
identified[lB,t9] in heavily ~utotem.peted laths. 
' 
.tem.peted below 500°C. At 5·00°C: to 600°C, recovery of the la.th 
s·tructure produced ari .aci-.cu:1-ar ferrite grain structure. Caron and 
,, [19] 
· . Kr·au:ss·-- · examined the str.u.¢.,tural changes occurring in the ferrite 
matrix during tempering in more detail. Light and electron metallo-
graphic observation of a Fe-0.2 wt% C martensite showed that although 
the lath structure coarsens rapidly in the early stages of tempering, 
•' the elongated-lath, packet morphology is remarkably stable. The 
development of an equiaxed ferrite structure did not begin to-appear 
'---r, 
until 12 hours at 700°C. Little evidence of classical nucleation 1 
and growth of dislocation-free recrystailized grains was observed. 
.~-----~·-------
~~----~---
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S lmilar find lnga were reported by Hobbs et al . [ 2o] for a med lUDI 
carbon steel. Thus, in the early stages of tempering, the predomin-
ant process is recovery of the transformation substructure driven 
by the stored strain energy. 
Imnediate vacancy migration to sinks and dislocation motion 
and annihilation are expected. Carbide precipitation occurs quickly 
throughout the matrix and at the various boundaries. Lath boundary 
migration and annihilation occur rapidly, producing an abrupt drop 
in lath boundary area per unit volume of martensite, S, and hard-
v 
ness. Y-juncture low angle boundary coalescence,[2 l] h-juncture 
coalescence,[22 ] and sub-boundary disintegration[23 ] were offered 
as possible mechanisms for the initial drop in S. All were consid-v 
ered to be feasible, but the complexity of the microstructure made 
finding clear examples of each mechanism difficult. 
Following the initial burst of boundary activity, the tempering 
of the Fe-0.2 C martensite was characterized by a more gradual de-
crease in lath boundary area and hardness as the precipitation of 
cementite effectively pinned high angle boundaries as well as those 
few recrysta.llization nuclei that did form. With further tempering, 
the smaller particles within the laths dissolved, and the boundary 
particles gradually -coarsened, enabling boundaries to move again and 
a more equiaxed subgrain morphology to develop. Thus,. the relative 
stability of the elongated lath·morphology was attributed to the car-
~ide precipitation effectively pinning the boundaries, allowing 
recovery processes t-o predominate until the last stages of tempering · 
10 
when enough boundaries were freed of carbides through continued 
\ 
spheroidization to allow sl,gnif !cant grain growth. 
Section C. Strength of Lath Martensite 
Many of the investigations that have been performed to evalu-
ate the strength of ferrous martensites have emphasized the role of 
composition, in particular, carbon content. The data are often 
presented in the form of an equation 
a y = a 0 (1) 
where a is the yield strength at a given strain, cr is the yield y 0 
stres1 of martensitic iron and includes the effect of various micro-
~tural features, mis a constant, C is the carbon concentration, 
and n is an exponent that defines the effect of Con strength. 
Winchell and Cohen[24 J examined a series of Fe-Ni-C marten-
sites in the ''virgin" condition by varying the carbon and nickel 
contents to obtain a constant M of approximately -35°C. In this 
s 
way, martensites could be formed and tested below room temperature 
to eliminate the effects of carbon segregation or precipitation. 
Despite these precautions, a~mall age hardening component was. 
measured at temperatures as low as -60.°C. The influence of Ni on 
the strengths of the alloys was assumed to be minor, and Winchell 
and Cohen concluded that the major strengthening effect was solid 
solution hardening by interstitial carbon ato~. Cohen[ZSJ developed 
an equation for Fe-Ni-C alloys, 
11 
5 1/2 a0 •2 (pat) • 67000 + 1.9 x 10 (wt-X C) (2) 
based on the data of Roberts and Owens.[26 ] 
Speich and Swann[4 ] studied Fe-Ni alloys and concluded that 
substitutional solid solution hardening by the Ni atoms was the 
dominant mechanism, accounting for three-quarters of the strength 
of the 20% Ni alloy. Chilton and Kelly[27 J also measured signifi-
cant changes in the strength of Fe-Ni-C martensites with additions 
of Ni, but explained these results on the basis of lowering the M 
a 
temperature and consequently decreasing the autotempering that 
occurred during the quench. 
Leslie[2B] suggested that the strengthening effect of carbon 
could better be expressed as a simple linear dependence and that 
substitutional atoms have little or no effect on the strength even 
when appreciable amounts of solid solution hardening are observed 
in the ferrite phase. 
In an attempt to provide base data for evaluating substitutional 
elements and to resolve the controversy over the exponent n in 
equation (1), Speich and Warlimont[9 ] measured the yield strengths 
of plain iron-carbon martensites with carbon contents of 0.0004 wt% 
to 0.18 wt%. Their data was represented by the equation 
. 5 1/2 cr0 .2 (psi)= 60,000 + 2.5 x 10 (wt% C) (3) 
They also noted that the defect structure of the lath morphology had 
a strong effect on carbide precipitation in that extensive precipita-
12 
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tion was observed in the aged massive alpha samples but not the lath 
martensite samples. Unfortunately, the range of carbon contents 
examined by Speich and Warlimont is precisely that range in which 
segregation of the carbon might be expected to play a major role. 
The interaction between carbon and the transformation substructure 
has been shown to be an important strengthening mechanism in low-
carbon martensites. Thus, despite the powerful effect of composition 
on the strength of martensite indicated by the above equations, 
structural variations in martensite at a given carbon level as well 
as structural variations with composition might significantly affect 
strength. 
Grange(29 J has shown that a reduction in prior austenitic grain 
size can markedly increase the strength of coIIDDercial steels. How-
ever, there are many other levels of structure finer than the aus-
tenitic grain size which might affect a in equation (1), perhaps 
0 
through a Hall-Petch relationship of the form 
a _ k , -1/2 
- a. + .,_, 
0 1 (4) 
~here a. is a term dependent upon dislocation interactions with the 1 
lattice, k is a constant, and tis a dimension of the microstructural 
unit of concern. 
Several investigators[lO,ll, 3o-32 J have concluded that packet 
size is the major microstructural parameter that affects strength, 
but there is also evidence produced by subjecting iron[22 J and iron~ 
carbon ~lloys[33 ] to high plastic strains by cold working, that 
13 
, 
structure on the order of lath size could also account for variations 
in strength. Lath width distributions in martensite, however, have 
been found to be essentially constant with changing austenitic grain 
size and packet size.[lO,ll] Lath width distributions have also 
been found fairly insensitive to compositional changes, except in 
extremely low carbon alloys, less than 0.02 wt%, where a massive 
transformation replaces the martensitic transformation.[ 9 ] Dislo-
cation fine structure and carbon segregation within laths also appear 
to change little with changing grain size, and hence, packet struc-
ture appears to be the key microstructural unit. 
The role of packet size is supported experimentally by Roberts' 
[ll] study of Fe-Mn lath martensites. A Hall-Petch analysis of 
0.2% offset yield strength versus packet size yielded a slope simi-
lar to that for ferritic grain size, and facets of the fracture 
profiles correlated with packet size. A connnercial steel[3o] tested 
over a range of very fine packet sizes also showed a similar Hall-
Petch slope. However, a similar analysis performed on an Fe-0.2 C 
martensite yielded an unusually steep slope as compared to the other 
lath martensites. The presence of strong carbide formers in the com-
mercial steel and the absence of carbon in the Fe-Mn martensites 
might account for the lower slopes. Thus, carbon and the structure 
are intricately related and any study of the strength of low carbon 
lath martensites must consider the interactions between carbon and 
structure. 
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Section D. Purpose of this Investigation 
The purpose of this investigation was to examine the influence 
of the structural features of lath martensite morphology in both 
the as-quenched and the quenched and tempered conditions on the 
yielding and deformation processes in a high purity Fe-0.2 C alloy. 
Complete structural characterization of the lath martensite morphol-
ogy was accomplished by light and transmission electron microscopy. 
The various structural components were then related to mechanical 
properties determined by tensile testing specimens with a range of 
packet sizes. 
Particular attention was paid to the effect of the various 
boundaries on strength, changes that occur early during tempering, 
and the interaction of carbon with the substructure. 
" 
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II. Experimental Procedure 
A. A 1 loy 
1. Chemical Composition and Processing 
The iron-carbon alloy used in this investigation was made 
by vacuum induction melting of electrolytic iron with graphite 
additions. The ingot was soaked at 1200°C for one hour then hot-
rolled to 3/4-inch plate with a minimum finishing temperature of 
1000°C. The chemical analysis in wt% is 0.2 c, <0.01 Mn, <0.003 P, 
0.003 S, <0.01 Si, 0.01 Ni, <0.01 Cr, <0.002 Mo, 0.002 Cu, <0.002 V, 
<0.005 Al, <0.002 Sn. 
2. Specimen Preparation and Heat Treatment 
Rods with 7 nnn by 7 nnn cross-section were cut from the 
plate. These rods were then swaged to a diameter of approximately 
3.0 Dml without any intermediate annealing. Samples 90 mm long were 
cut from the wires and given various heat treatments to produce a 
range of grain sizes. One series of samples were sealed in 
evacuated vycor tubing and austenitized for one hour at.various . . ' 
• 
temperatures between 950°C and 1150°C. A second series were heat • 
treated at 900°C by immersion in a lead pot. A range of finer grain 
sizes was produced by varying the austenitizing times and the number 
of austenitizing cycles. All samples were quenched in an iced (0°C) 
solution of 10% NaCl and 2% NaOH. Samples from each of the two 
series were tempered 1 at 400°C in a lead bath for one minute, 
allowing 15 seconds for the sample to reach temperature. 
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B. Metallography 
Samples for light microscopy were cut from the ends of the 
tensile specimens and etched in a solution of 80 ml. H2o, 28 ml 
oxalic acid (10%), and 4 ml H2o2 to reveal prior austenitic grain 
boundaries or 2% nital to reveal packet structure. Grain size and 
packet size were determined by the Heyn intercept method. 
'11lin foils were prepared from 0.5 nun thick disks cut trans-
versely from as-quenched and tempered tensile specimens. Undeformed 
structures were taken from the ends; deformed structures from the 
gauge length. In most cases, the diameter of the gauge length was 
considerably smaller than the 3.05 IIml diameter of the sample holder 
for the TEM. Thus a preliminary nickel plating was employed to 
build the diameter up to 3.0 nnn. Samples to be plated were given a 
preliminary cleaning treatment, etched for approximately 10 sec 
10% HCl, and given a 10 sec Cu flash at .2 ma/mm.2 in a standard 
• 1n 
cyanide bath. Ni plating was done in a Watts bath at 50-55°C with 
a current density of 0.6 ma/mm.2. Because the nickel electropolished 
more slowly than the Fe-0.2 ·c, the plating also served to provide 
edge protection for the foil and a more even polish across the face 
of the foil. 
The 0.5 IIml disks were ground to 0.06 nnn on wet papers and 
dimpled by jet electropolishing in a teflon holder[34J that exposed 
only the center portion of the disk. The electropolishing 
similar to that described by Glenn and Schoone[35 J and air 
unit wa.s 
pressure 
was used to power the pump. For final polishing, the foil was held· ·~-
. 
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ln a lacquered alligator clip, thus exposing the entire foil to 
polishing in order to minimize the mass of the foil, and hopefully, 
the magnetic astigmatism in the electron microscope. 
For both the initial dimpling and final polishing an electro-
lyte of 750 ml acetic acid, 150 gm Cro3, and 30 ml "20 was used.( 36 ] 
A Buehler 1715-1 AB Electropolisher power source operated at 24 v 
2 provided a current density of 0.5 amp/cm. However, the current 
density varied significantly depending upon foil position in relation 
to the jets, the air pressure driving the pump, and the age of the 
electrolyte. Intermediate rinses of the foil were in clean acetic 
acid only as the electrolyte is very sensitive to contamination by 
water or alcohol. After perforation occurred the foils were rinsed 
thoroughly in methanol and dried. The foils were examined at 100 kv 
on a Philips EM300. Thin areas with well defined lath boundaries 
were characterized by lath width and boundary area measurements. 
Lath widths were measured along straight test lines oriented normal 
to the lath boundaries on enlarged electron micrographs. The number 
of boundary intersections per unit length of test line, Nt' was 
measured· with a transparent overlay of a series of concentric circles 
and S, the total boundary area per unit volume, was calculated from V . 
h 1 -- 2_N,l.[37] t ere ation S 
V 
C. Mechanical Testing 
Tensile specimens were prepared by chemically polishing in a 
solut:ion of 80 ml·H2o2, 15 ml H2o, and 5 ml HF. The ends were 
lacquered and the diameter of the gauge length reduced approximately 
18 
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10\ in three steps, each time scraping back the lacquer a small 
distance. Finally, the surface over the entire length was removed 
to minimize any possible contamination from the heat treatment. 
Tensile tests were performed at room temperature on an Instron 
-3 -1 model lT-C-L at a strain rate of 2 x 10 sec . Strains were 
measured using a strain gauge extensometer with a 1/2-inch gauge 
length and load versus displacement was charted automatically. 
Proper specimen alignment was maintained by using specially machined 
specimen grips. 
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III. Presentation of Results and Diacusaion 
A. Mechanical Properties - As-Quenched 
True stress-true strain curves for martensitic specimens with 
a range of packet sizes from a maximu.m of 28 ,.m to 6 tJilD are pre,ented 
in Figure 2. Yielding was continuous for all packet sizes, and the 
strength and amount of uniform elongation observed increased with 
decreasing packet size. Figure 3 summarizes the gradual increase 
in uniform elongation. Unfortunately, the minimum packet size studied 
was limited to 6 ~m by hardenability problems. Quenches severe enough 
to obtain fine grained samples with no decomposition products other 
than martensite often distorted the samples beyond the limits of 
maintaining proper grip alignment during the tensile test. 
Plotting the tensile data in Figure 4 as tn true stress, at, 
versus tn true strain, It' illustrates that the flow stress does not 
fit the Ludwig equation,'\= Kctn' and that work hardening decreases 
with increasing strain for all packet sizes. Specimens with larger 
• 
packet sizes appeared to show a steeper initial rate of work hard-
ening than did those with finer packet sizes, but these differences 
in behavior were most-pronounced in the very early stages of plastic 
deformation, where effects due to quenching stresses may be impor-
tant. 
Hall-Petch plots of the 0.2% offset yield strength versus packet 
size are presented in Figure 5. Extending the measurement of the 
strength of lath martensite in. the Fe-0.2 C to finer ·packet sizes 
' (dark circles in Figure 5), this investigation supports the steep 
20 
slope determined by an examination[lO) of coarser structures. A 
least squares regression of all the data yielded a slightly lower 
l f 4 98 k / 312 i ifi tl hi h th the 2.2 kg/D111312 s ope o . g mm , s gn can y g er an 
comnonly reported for ferrous alloys. 
The lower curve in Figure 5 
Fe-Mn lath martensites and shows 
represents an investlgation[ll] of 
3/2 
a much lower slope, 2.76 kg/mm • 
Table I sununarizes the Hall-Petch slopes for these two lath marten-
sites and those obtained in studies of strength versus packet size 
in a conmercial Fe-Cr-Ni-V-Mo lath martensite[ 3o] and strength versus 
ferritic grain size in various ferrous alloys.[lt, 3s, 39 ] 
TABLE I. Sunnnary of Hall-Petch Slopes 
Alloy 
·Fe-0.2 C {all data) 
FeCr-Ni-V-Mo 
Fe-Mn 
Fe-ferrite 
!y (kg/nnn3/2) 
4. 98 
2.25 
2.76 
2.2 
The unusually steep slope of the Fe-0.2 C martensite can not be 
attributed to the lath morphology entirely as the other lath marten-
sites studied showed slopes similar to that of the ferrites. Carbon, 
absent in the Fe-Mn alloys and tied up in carbides in the connnercial 
alloy, appears to play a major role in determining the effectiveness 
of grain boundary strengthening in the lath structure. 
The influence of strain on the Hall-Petch slope measured for the 
Fe~)0.2 C martens ite is shown in Figure 6. The slope decreases · at in-
creasing plastic strains, and, in fact, with 0.02 true strain ap~ 
~ 
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proaches the value reported for other steels in the martensitic and 
ferritic condition. 
B. Mechanical Properties - Quenched and Tempered 
True stress-true strain curves for speci.men of various packet 
sizes ranging from 114 ~ to 10 ~ presented in Figure 7 show little 
influence of packet size on the strength of the tempered structures. 
The curves also show little work hardening and a small increase, 
with decreasing packet size, in the amount of uniform elongation 
observed during the test. The slight increase in uniform elongation 
is summarized in Figure 8, and the fairly wide scatter should be 
noted. Plots of tn true stress, Jt' versus tn true strain, ct, show 
some differences for the various packet sizes examined. However, 
the significance, if any, of these differences is not clear. The 
plots showed two basic behaviors and plots typical of each are pre-
sented in Figure 9. Plots for the larger packet sizes yielded 
n straight lines, fitting the equation crt = Ket' though the observed 
, 
values of n showed no apparent trend with changing packet size and 
did not agree with the amount of uniform elongation observed in the 
tensile test. At smaller packet sizes, however, the data appeared 
to be best represented by two straight segments: an· initial regime 
of low work hardening with a slope of approximately 0.02 and a second 
regime with a slope of ab·out 0.04. Table II sunmarizes the observed 
n values of n, i.e., the exponent of the equation crt = Kl , and the 
·t 
apparent point ·of trans it ion from the first regime to the second. No 
obvious correlation between these parameters and the pa~ket size- was 
----~----------·--·-- ,---
-- ,----------------~-----------', 
·-· 
noted. 
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TABLE II. Summary of Work-Hardening Parameters 
for Quenched and Tempered Specimens 
n Values 
First Sing le Second Apparent Packet Size Regime n Regime Transition (~) 
CT 
7.0 .020 
.036 .0075 
8.2 .024 
.035 .0065 
9.9 .016 
.045 . 0125 
12 .0 .019 049 .0105 
34.5 
.039 
35.8 
.054 
72.7 
.042 
114.2 
.035 )I,, 
In Figure 10, a Hall-Petch plot of the 0.2% offset strength 
versus the packet size confirms the seemingly small influence of 
packet size on strength in the tempered structures indicated by the 
stress-strain curves presented in Figure 7. A least squares regres-
3/2 sion yielded a Hall-Petch slope of 0.56 kg/nnn . Hall-Petch plots 
for increasing plastic strains in Figure 11 show that even this small 
influence is washed out by relatively small strains. A least squares 
regression analysis of the data showed the Hall-Petch slope is a 
continually decreasing function of strain, and for· strains greater 
than .0075 yielded negative slopes. These data show that even with 
a small degree of tempering, i.e., one minute at 409°c, packet size 
is no longer the structural component that controls strength. 
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C. Structural Obaervationa - As-Quenched 
Evidence that the higher Ha 11-Petch slope is not attributable 
to differences in the lath-type morphology, at least on the order of 
packet size, between the Fe-0.2 C martensite and the Fe-Mn marten-
sites is provided by Figure 12. The martensitic packet size is shown 
to be directly related to the prior austenitic grain size for both 
alloys. 
Light micrographs presented in Figure 13 show microstructures 
etched to bring out the a) packet and lath structure, and b) the prior 
austenitic grain boundaries. The micrographs reveal the different 
variants within a packet and some of the larger laths. However, much 
of the fine structure is unresolved by the light microscope. Conse-
quently, to determine the effects of fine structure, lath boundaries, 
and packet boundaries on the deformation behavior of lath martensite, 
foils prepared from transverse sections of undeformed and deformed 
tensile specimens were examined by transmission electron microscopy. 
Figure 14 presents an electron micrograph of a group of parallel 
laths typical of the as-quenched. structure. Laths of a range of widths 
are now clearly resolved as is considerable fine structure. The shape 
change imposed by the transformat_ion shear results in an extremely 
high dislocation density. ~or the most part, the dislocations are ,•, 
arranged in a uniformly distributed tangle, often so dense that the 
image of the structure is blurred. Many bend contours are often 
present in as-quenched structures and also help to make the dis lo~ .. 
cation structure difficult to resolve. Howe.ver; a well defined dis-
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location cell structure is observed in certain areas of the as-quenched 
structure. The area marked A in Figure 14 shows a good example of a 
well-defined cell structure. 
Lath boundary widths and lath boundary area per unit volume of 
martensite, S, were measured to characterize the lath structure of V 
the fine-grained as-quenched specimens and to document any changes 
produced by tensile deformation. Measurements in specimens with 
packet sizes of 7 ~ and 9 ~mare combined in Figure 15. The lath 
width distribution and S data for the as-quenched condition are V 
[ 6 10 11] similar to those reported ' ' in other studies of as-quenched 
martensites. No statistically significant difference was noted be-
tween the as-quenched and deformed specimens, though the data did 
seem to indicate a slight coarsening of the lath morphology. Direct 
observation of evidence for lath boundary migration that produced 
lath coarsening will be discussed below, but this effect could not 
be substantiated without many more measurements. 
Because of their particularly potent strengthening effect, 
packet boundaries were examined in detail. Figure 16 shows the jag-
ged interface associated with some packet boundaries. Two packets, 
A and B, have come together and the tips of the laths in packet A 
dovetail with the laths in packet B. This feature might be very 
important with respect to the influence of packet boundaries on 
deformation. The extra facets produced by the dovetailing would , 
increase the area of packet boundaries and could significantly in-
crease the boundary sources for dis location generation. [ 4o] 
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Not all packet boundaries, however, were jagged; some were quite 
straight as were almost all of the prior austenitic grain boundaries 
observed in the foils. A composite electron micrograph of a deformed 
grain presented in Figure 17 contains examples of both types of packet 
boundaries, indicated by PB, as well as a prior austenitic grain 
boundary, labelled GB. 
Referring again to Figure 16, another important feature of the 
deformed martensite is also evident. A well developed cell structure 
is in good contrast in packet A The cells vary in size, averaging 
about 0.06 ~ though some are as large as 0.11 ~- The formation of 
cells is characteristic of a structure that deforms by easy cross slip 
and is consistent with the decrease ink observed with increasing 
plastic strain, i.e., the cell structure reflects a dislocation 
free mean path much smaller than packet size.[4l] 
As-quenched lath martensite-is characterized by a much more 
uniform distribution of dislocations, though well defined cells are 
observed in some areas, as noted in Figure 14. These areas are 
usually limited to a portion of a lath and a well-defined cell 
s.tructure extending across several adjacent laths, as in the series 
of micrographs presented in Figure 18, was observed only in deformed 
samples. The cells in this area range in size from . 14 µ,m to . 02 l,ldll, 
averaging about 0.06 ~m, and linear low angle boundaries are visible 
(see Figure 18a) and b)). A single crystal diffraction pattern was 
obtained from this area and was used t·o obtain a dark field image 
of the cell structure. The cell walls appear to show contrast dif-
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ferent from that expected from just dislocation tangles. Parallel 
fringes as expected at fault or grain boundaries and dark mottled 
contrast are associated with cell walls. 
The mechanism of dislocation cell formation is not well under-
stood, but from observations of point defect hardening in fee metals, 
Kuhlmann-Wilsdorf, et al.[ 4Z] proposed that dislocation reactions 
alone were not sufficient to form tangles, and subsequently, well-
defined cells. They considered the condensation of vacancies on 
dislocations to result in the formation of super jogs, which then 
served as effective anchoring points. Under an applied stress, some 
of these super jogs were dragged along, causing the dislocation to 
:how out a·n.d s·pread to other planes. These bowed ou-t sections the··n 
·acted as dis locatiqn_ source.a and -a '·'int.i"s:hroomin:g•i. tan:g_le of dis·.~ 
In.· .th.e c.c1se -of .t:he: ·Fe-0.·2 C martensite:) ea·tb·on ·atoi;llS s.e.gregated 
to q.islocations and very .fine catb·ide:s pr·ecipitated ·duri11:g: the quench 
might provide anchoring poin·ts £or the dislocation ta~gle. A dis-
persion of fine carbides throughout the matrix and a heavy concentra-
tion of carbides at the lath boundaries were :shown to be present in 
as-quenched foils by dark-field illumination. Such an area is shown 
in the electron micrograph presented. in Figure 19. These carbides 
.. likely identify the laths. formed early in the transformation, and 
therefore, exposed to a more severe autotempering. 
Referring again to Figure 18c) small spots of bright contrast, 
-which could' represent fine carbides, are evident at the boundaries 
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and at the ce 11 wa l la, while the ce 11 interiors are clean. Perhaps 
the segregated carbon atoms are dragged by bowing dislocations into 
more stable configurations at the cell walls. 
Gay, et al.[43 ] considered cell walls to be active slip bands. 
They observed that the cell size approached a stable size with in-
creasing amounts of deformation equal to some limiting distance 
between slip bands, characteristic of the material. Wilsdorf[ 44 ] 
observed in deformed irradiated Ni samples, that the dislocation 
I 
tangles arranged themselves in bands parallel to the active slip 
plane. The theory might also explain the cases where cell walls 
were observed to lie along certaiµ crystallographic directions, as 
indicated by 1:Lnes in Figure 18a) and b). In many areas, however, 
the cell wal.1.-s a·:ppear to· lie in random dire.ctton:s. 
l·n· add{t:io.n to· :the d·ev~lop@erit of a: cell structµr,e,. Lath 
Fi'gure 2·0 sh.ows t:wo v-i.ews. c:Jf an. a:re.a, A, where la·t:b· bo:u·ndaries have: 
appa.r~nt.Ly- migrated. 'The area 'iS cl.early ·Show-n i11 Figure· 20a) t.o· 
be of an orientation different from its surround·i.ng·s, l.!e "~ i·t ls 
bright while the surrounding dark laths are oriented to produce 
strong diffraction contrast. Further, the area is bounded by curved 
interfaces much different from the straight lath boundaries typical 
of as-quenched lath martensite. Figure 20b) shows a lath boundary 
remnant in the area that has been swept by the migrating boundary. 
Similar cell wall migration has been thoroughly documented by Lang-
ford and Cohen[22 J in iron severely deformed by wire drawing; In 
' ~,.11. 28 . 
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that study, cellular coalescence was produced by dislocation motion 
and annihilation at the cell walls and was construed to be an 
important mechanism of dynamic recovery. In the case of lath mar-
tensite, the stress-induced lath boundary migration might be an 
important accommodation mechanism in response to external loading. 
Other evidence for accoonnodation of the lath structure to the 
external shape change, i.e., the elongation and reduction in area 
of the cylindrical tensile specimen, is presented in Figure 21. 
Laths, close to the heavy dark line, in the vicinity of a prior 
austenite grain boundary (marked by arrows), have apparently been 
bent during deformation. Similar curvature of substructure was 
[22] . . noted by Langford and Co.hen, · an_·d ft ts i.nteresting to note that· 
·¢:u·rvature develops in some area.s .of a 1.at:h: ma·rtensite mo.rphology 
·a·ft.~r· only 3% plastic strain· .• 
:;rt, appears that the un.usual:ly ef:£ectiv·e packet .. bo_:uncl:~ry 
~;,::t·reqgthett.irtg o.bs·erved i.n Fe.-.Q,.2 C ma.rtens ite. is :no; a-n inhe<rent 
:feat.ur·~· of the: tt.at1sfotmat.{Qn :sub·strttcture, :b:.ut ·is· ,a,ls_o· depende.nt 
on: t-he interaction be·tween ·c·arbbn and the structur.e. t.h·at occurs, 
during autotem·pe·ring.~ Lath boundaries, some of wh.ich· c·onstit.ute 
packet boundaries, offer low-energy sites· for the carbon a.toms, and 
during the ·quench, there is ample time for the carbon atoms to 
migrate to the boundaries and to precipitate as fine carbides. 
These fine carbides should provide effective barriers to dis-
location motion, thus strengthening.the boundaries and complicating 
.. 
the nature of the deformation in the vicinity of the boundaries. 
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Upon deformation, adjacent packets are expected to deform by 
differing amounts, but the amount of strain must be continuous 
across the packet boundary. The boundary thus places constraints 
on the deformation of the adjacent packets, and the complex-
structure associated with jagged packet boundaries and the hard 
carbides precipitated at the boundaries are expected to complicate 
these boundary constraints. The shape change imposed on the 
packets by deformation thus produces strain gradients in the 
vicinity of the packet boundaries. The gradients are accoDDDodated 
[ 45 46] by the storing of geometrically-necessary dislocations. ' 
These dislocations are to be conceptually distinguished from the 
statistically-stored dtslocation·s which accumulate during the 
deformation of a si·n_gle crystal.. Th·e fine carbides disperse_d· 
throughout autotempered laths appear to act as_ pinning points .f,or 
the dense ta_ngl~ .of dis locations observed in the as-que.nche-cl 
structure, and therefore, might be expect.ed to· increase the 
probability of dis.locations interacting -~rtd becoming statistically 
stored. Therefore, the introduction of'. ·geometrically-necessary 
dislocations and the ability of the microstructure ~o stote dis-
locations in a dense tangle are both considerec;l important factors 
in determining the influence of packet· boundaries on deformation. 
Acconnnodation of the strain gradients at the packet bound..;.. 
aries is further complicated by the lath boundaries, which form 
a continuous network with the packet boundaries and probably act 
as reinforcing ribs extending into the packet interior. Curvature 
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of the lath boundaries, such as that presented in Figure 21, also 
requires the storing of geometrically-necessary dislocations and 
imposes additional constraints on deformation at the packet bound-
aries. Also, the carbides and segregated carbon atoms probably 
tend to stabilize the boundaries, thus inhibiting lath boundary 
migration and coalescence that might otherwise be a more pre-
dominant mechanism of dynamic recovery.(22 ) Thus, it appears that 
the interaction between carbon and the complex lath morphology 
plays a major role in determining the strengthening effect of 
·packet boundaries. 
,D. Structural Observations - Quenched and Tempered 
Figure 22 shows a series of light micrographs o-f specimens .of 
.de:c:rea.si:ng ·packet size given; a light temper, i. min_.- at 400°C, ·an.d: 
et.ch·ed :to reveal packet -sttu~t·ure.. A micr.o.gr·aph of t:he a:s-q:uenchecl 
:nation of· ·the- :·m:lc·.~og·:ra:phs, some of t:_he lath coarsening that occurs 
during tempering can be detected, b~t the tempered microstructures 
appear similar to the as-quenched. To fully appreciate the rapid 
changes occurring in the early stages of tempering in lath marten-
sites, transmission electron miriroscopy is absolutely necessary. 
The composite electron micrograph presented in Figure 23 
' 
illustrates many of the important features of the tempered micro-
structure. Perhaps most strik.ing is the carbide precipitation 
that has occurred throughout the matrix and at the various bound-
ar·ies. A'disk shaped carbide, averaging abo.ut 0.07 t-t,m in diameter 
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by 0.014 ti.al in thickness, was precipitated throughout the matrix 
of many of the laths, but was not observed in the finer laths. 
lbese carbides are similar in appearance to the Widmanstatten 
[18 19 47 48] cementite previously reported ' ' ' in as-quenched as well 
as tempered lath martensites. Traces of the habit plane of the 
precipitate, <110> for cementite, are continuous across the lath 
boundaries, as would be expected for low angle boundaries. Also 
distributed throughout the matrix of the laths are fine spherical 
shaped carbides, about .01 ~ in diameter, which are precipitated 
primarily at dislocations. In the finer laths, precipitation at 
the lath boundaries is favored, as in Area A of Figure 23, and 
these boundary carbides tend to be· coarser than those throughout 
the matrix of larger laths. The oblong shaped particles average 
about . 02 ~ in thickness and • 085 ~ in length,. 
The dramatic decrease .in. dislocation d.e.nsi.ty· is obvious, and 
:th.~ ·lath bquQdary migrat:i:qn and lath coarsen.ing characteristic of 
:the e.a.rly ~rt:ages of tempe~ing is evidenced ~y the considerable 
amount of l>oundary curvature s.een in the llllcrograph. There are 
also several areas, labelled D, where the lath bot1ndary appears to 
' I'' 
have disintegrated. 
The dislocation structure in a lath containing matrix car-
bides is shown in Figure 24. Dislocations are tangled about the 
disk-shaped precipitates with fairly long bowed-out sections in 
the relatively dislocation-free areas between precipitates. Some 
of these bowed-out sections show deep cusps while others are quite 
32 
. : I' 
smooth. Many dislocations show a mottled contrast. The smaller 
spherical carbides are often observed where dislocations intersect 
and are sometimes associated with the deep cusps in the long 
sections of dislocation between the disk-shaped carbides. There 
also appears to be some small dislocation loops, denoted by Lin 
Figure 24, which might be a result of thermally induced climb 
eliminating plus-minus dislocation pairs formed during the marten-
sitic transformation. In light of this dislocation structure, the 
small dependence of strength on packet size is not surprising. 
If the bowed-out lengths between the disk-shaped carbides are 
the first or easiest dislocations to move under an applied stress, 
:inter_part:·_icle s·pac ing might b~- the strength controlling s true tura 1 
pat·.ame.t.er. .S--inc·e the ca·.rbide morphology ·,is influenced by lath 
s.-tr:uct.ure-, the lat·h w.idth distribution m_ight ~1st> be an itnpoI't_an-t 
feature. In fact, Sm~th and Heheman[49] studi~d tempered 4340 
lath martens ite a:nd cor_:r-elated the strength to the mean lath width 
and interparticte spacing. The:i·r data was represented by an 
equation of the form: 
~ - 1 -· 1 
= (1'· + X w + y A . 
O· p :( .5· )· 
where a 2 is the 0.2% offset strength, cr is the yield strength o. 0 
of a hypothetical single crystal with the same dislocation struc-
-ture but without carbides, W is t;he mean lath width, AP is the 
average planar interparticle spacing, and x and y are constants •. 
Quantifying the influence of the carbides on the strength of the 
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Fe-0.2 C martensite presents a formidable task. Three different 
carbide shapes are observed, each being characterized by a different 
A, particle radius, and volume fraction. Therefore, each might be p 
expected to influence dislocation motion in a different manner. 
Also, it is likely that the effect of one carbide shape is inter-
dependent on the presence of the two other shapes of carbides. 
The distribution of carbon among the various types of carbides, 
the size of the carbides, and the lath boundary width vary simultan-
eously during tempering. 
Lath width and S measurements were used to characterize the V 
changes produced by tempering and those produced by subsequent 
deformation· of tempered specimens. Though the microstructure is 
st.:ill :ch.~tacterized by ·~long~·ted l~ths, Figure 25 indicates that 
th·e: short- :tempe:-r produced co.risidera·:b:le c·oarse.n-ii;ig of the lath 
s:tructur.e _.a11d thcit .li_ttl-e changE! was~ o.bs::erye:d~ wi,th deformation. 
The rapid decrease it1 la:th boun·da_r:y· area per unit: volUine. S . .. . ... · . . . ' v' 
observed with tempering is a result of thermally induced migration 
of the lath boundaries. Possible mechanisms for this rapid 
recovery of the lath structure are y-juncture coalescence,[Zl] 
h-juncture coalescence,[ZZ] And sub-boundary disintegration,[Z3] 
and these were considered in more detail by Caron.[l9] The value 
-1 of 40,500 cm measured in this study is in good agreement with 
-1 the 35,000 cm reported by Caron for a similar tempering treat-
ment. Comparison of micrographs presented by Caron of specimens 
with a .:large packet size and those of fine packet sizes obtained 
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in this investigation showed similar carbide morphologies. Hence, 
the lath structure and carbide morphology appear to be independent 
of packet size, and the small influence of packet boundaries on 
strength is expected. 
An electron micrograph of a tempered and deformed specimen 
in Figure 26 shows little striking difference from the as-tempered 
microstructure. There is a considerable amount of curvature of the 
lath boundaries, indicative of much boundary migration. Unfortun-
ately, any stress-induced migration is thoroughly masked by the 
great amount of thermally induced migration that occurs during 
t,empering. There appears to be some distortion in the vicinity of 
the carbides, and in general, the deformed structure appears more 
distorted than the a~~tempered. 
The major diffe_r(:!nce between the deformation of tempe.:red :aitd 
-a.s.~q.aenched struct~res is revealed in the series of microgra_phs 
pi:--esented in F_ig. 27. A well-defined cell structure has not fcJrme_d: 
in the tempered specimen even after 4% strain. Many of the dis-
locations appear tangled and heavily jogged, but there is still a 
considerable amount of clear area with fairly straight dislocation 
segments lying perpendicular to the lath walls. A dark field 
micrograph identifies the carbides and appears to show some fine 
structure within the carbides. Figure 28 shows a view of the dis-
location structure at a higher magnification, again showing no 
development of well-defined cells. Jogs are·visible and may have 
developed because of small particle pinning at intersections be-
35 
·""'" . 
. . ·-
•· tween mobile dislocations. There is some unusual fringe contrast 
in the vicinity of the larger disk-shaped carbides, but there is 
no evidence of loops around the particles, of dislocation pile-ups 
at the particles, or of dislocations cutting the particles. 
A similar influence of precipitate morphology on the resulting 
dislocation structure in deformed specimens was reported by Horn-
bogen[SO] in a Fe-0.9% Cu alloy. Deformation of the homogeneous 
solid solution produced randomly oriented dislocation cells. When 
the samples were aged slightly to form pre-precipitation clusters, 
dislocation cell formation was inhibited somewhat, but cells still 
formed with cell walls predominantly along <111> directions. With 
further aging, incoherent precipitates .-f-ormeci, and no c:ell forma-
t-ion ·was observed -with deformati_on. However·, Ho·r.nbogen found that 
work-hardening it1c-r.eas:ed wt.th the .fo_·tination of incoherent precipJ~-
tates. The re~soil ·fot the ~?C:tretnely· low r:at·e of work hardening 
observed in this study .is dif'ftcult to expla,in. The small spheri-
cal carbides throughout the laths appear to impede dis location 
motion, though the density of these particles is limited by the 
larger disk-shaped particles and the coarser boundary particles 
that are fonned during tempering. Apparently the carbide gistri-
bution in tempered specimens is coarse enough to permit easy by-
passing of the particles by the mobile dislocations, perhaps by 
' 
cross-slip as opposed to loop formation. The dislocation density 
does not build-up and elongation of the specimen develops with 
little increase in the stress. Cox[Sl] has exami~ed the effect 
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of carbide size on strength in a 0.3% C steel and observed that 
only small particles, less than 0.01 ~, produced significant 
carbide strengthening. Only the fine spherical carbides through-
out the laths are that small, and the disk-shaped carbides and the 
larger boundary carbides would not be expected to make as large a 
contribution to strength. 
The spheroidizing of boundary carbides that occurs during 
tempering also serves to free much of the boundary surface of 
carbides. Also, large incoherent precipitates have been shown to 
act as dislocation sources. These two effects ease the constraints 
on deformation at. the packet boundaries. ·Lath_ b.ounqary coarsening 
:and apparen~ la:t:_h _boundary- dis iilte.g_r:ation co.ntr{bµte to breaking 
tip the .conti.nuous i1e,t-work cf lath bound.ari:e-~· .~ith:·tn a packet, and 
.fµI'-the-r ea~re the :bo.undary constraints ori deformation. Tiius, in 
t·emp~r~d ;;Fe-0.2: -C, lath martensite, the :d.istribution of carbides is 
. 
the: crittc·a1 structural .parameter a.~ -opposed to pa:c:ket siz~ in the 
Sj~quenched structure. 
. ..... 
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IV. Su1J1Dary 
True stress-true strain curves presented in Figure 29 for 
Fe-0.2 C lath martensite specimens with identical packet sizes 
of 8.2 ..,.ai in the as-quenched and quenched and tempered conditions 
show dramatic differences. The tempered specimens yield at a 
higher stress, but show very little work hardening as compared to 
as-quenched specimens. The amount of uniform elongation observed 
during the tensile test was increased slightly by tempering, but 
given the greatly lower stress levels, tempered specimens represented 
lower energy failures than the as-quenched specimens. 
The unique feature of the deformation of as-quenched Fe-0.2 C 
martensite is the high value of kin the Hall-Petch equation 
I 
obtained when the yield strength is measured as a function of 
packet size. The fact that a much lower slope is measured on a 
Fe-Mn lath martensite without carbon but with a similar packet 
and lath structure suggests that carbon must play a major role in 
its interaction with the microstructure. 
Electrical resistivity measurements have shown that even 
with extremely rapid quenching rates virtually all of the carbon 
in Fe-C martensites with less than 0.2 wt% C is segregated to dis-
locations within the laths and at the lath boundaries, some of 
which constitute packet boundaries. In specimens quenched at 
5> 
slower rates, transmission electron microscopy has revealed a 
heavy concentration of fine carbides at the boundaries and a dis-
persion of fine carbides throughout some of the laths, which might 
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provide pinning points for the dense tangle of dislocations formed 
during the transformation. Dislocation and lath structure remain 
the same with changing packet size, and therefore, carbon redistri-
bution during quenching must be largely responsible for the steep • 
Hall-Petch slope. 
During deformation, adjacent packets are expected to deform 
by varying amounts, but continuity must be maintained at the packet 
boundaries. The presence of fine carbides at the boundary and the 
irregular, jagged interfaces associated with some packet boundaries 
complicate the array of geometrically-necessary dislocations 
required to acconnnodate the shape change imposed on the packet by 
the deformation process. Deformation at the packet boundaries is 
further constrained by the interlocking lath boundaries, which are 
also strengthened by fine carbides and act as reinforcing ribs 
interconnecting the various surfaces of each packet. 
The deformation substructure is characterized by the develop-
ment of a well-defined cell structure, and consequently, the 
importance of packet boundaries decreases at increasing plastic 
strains. After deformation, the fine carbides that were dispersed 
throughout the lath matrix in the as-quenched structure are ob-
served primarily in the cell walls. If the carbides are dragged 
by mobile dislocations into·a more stable configuration at the 
cell walls, their presence would be expected to increase the 
probability of dislocations interacting and becoming statistically--
. ' ' . -· 
stored during deformation. Stress-induced boundary migration and 
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lath bending also occur to accommodate the lath structure to 
external loading. 
Tempered Fe-0.2 C martensite features a drastically reduced 
12 -2 dislocation density from the 10 cm estimated for the as-quenched 
structure. Considerable lath coarsening and ,cementite precipitation 
occur rapidly in the early stages of tempering. Disk shaped car-
bides, 0.07 ~ in diameter by 0.014 IJ,Dl in thickness, and small 
spherical carbides about 0.01 ~ in diameter are precipitated 
throughout the lath matrix, while coarser, oblong particles, 
0.02 ~ thick by 0.085 ~ long, are observed at the various 
boundaries. Boundary precipitation is favored in the finer laths, 
and with additional tempering the boundary particles coarsen at 
the expense of the matrix particles. Boundary constraints are 
relaxed somewhat by the coarsening of the boundary carbides and 
lath structure, perhaps reduc'ing the number of geometrically-
necessary dislocations required to accommodate the deformation. 
The lath structure and carbide morphology appear unchanged over 
a range of packet sizes. Accordingly, the flow stress was found 
to be relatively insensitive to changing packet size, supporting 
earlier findings that the mean lath width and interparticle spacing 
are the critical structural parameters in determining the strength 
of tempered lath martens-i tes. 
Well defined dislocation cells were not observed in the 
deformed tempered specimens. · Dis locations 'appeared heavily jog-
- ged, but considerable dislocation-free area remained after 4% 
40 
deformation. The low rate of work hardening observed indicates 
that the distribution of carbides did not provide effective 
obstacles to dislocation motion. Previous work has shown that 
for effective dispersion strengthening in a Fe-0.3 C steel, the 
carbides should be no larger than 0.01 ~· Only the small spheri-
cal carbides through the lath matrix should be expected to contri-
bute significantly to the strength of the structure. These car-
bides are associated with jogs and dislocation intersections and 
appear to offer some resistance to dislocation motion. Disloca-
tions are apparently able to easily bypass the larger carbides, 
\ 
and hence, the probability of mobile dislocations becoming 
statistically-stored is less than in the fine dispersion observed 
in the as-quenched structure. Thus, even the light temper used 
in this investigation produced a carbide distribution too coarse 
for effective hardening. 
I 
' 
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LATH BOUNDARIES 
PRIOR AUSTENITE 
GRAIN BOUNDARY 
....___ PACKET 
BOUNDARIES 
Figure 1 - Schematic· diagram for the various types of boundaries in lath martensite. 
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Figure 2 - Typical stress strain curves for a range of packet":iSizes 
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Figure 13 - Structure ~f lath martensite - a) etched in 2% nital to 
reveal packet structure, b) etched in a solution of 80 ml H20, 28 ml oxalic acid (10%), and 4 ml H202 , to reveal prior austenitic grain boundaries. 
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Electron micrograph of a group of laths typical of 
as-quenched structure. Area, A, of well defined dis-
location cell structure is indicated. 
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Figure 16 -· Example of an extremely jagged packet boundary. 
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Figure 17 - Composite electron micrograph of the deformed ltth martensite structure showing a prior austenite grain containing several packets. Prior austenitic grain boundary, GB, and several packet boundaries, PB, are indicated. 
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. Figure 18 - a) Well defined cell structure characteristic of deformed Fe-0.2 C martensite, b) Same area, but 
tilted 6°. 
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Figure 18 - c) Dark field of same area, d) Corresponding electron diffraction pattern with reflection used for dark field indicated by DF. 
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Figure 19 - a) Dark field micrograph of dispersion of carbides throughout lath matrix and concentration of carbides at lath boundaries in as-quenched structure, b) Electron diffraction pattern showing carbide spots corresponding 0 0 to d spacings of 3.0lA and 2.54A. 
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Figure 20 - Evidence of boundary migration, area A, viewed at two different specimen tilt angles - a) 3°, b) 6°. 
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Figure 21 - Composite micrograph showing the bending of laths in the region of a prior austenitic grain boundary. The hea-vy dark curve identifies the area of bent laths. 
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Figure 22 - Packet structure of tempered lath martensite as revealed by etching in 2% nital - a) 7 ~ packet diameter, b) 35 µ,m packet diameter. 
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Figure 22 - c) 114 µ,m packet diameter, d) as-quenched structure, 114 ~m packet diameter. 
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Figure 23 - Composite electron micrograph illustrating many of the important features of the tempered lath martensite microstructure. Indicated is an area, A, of fine laths where boundary precipitation is favored. 
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Figure 24 - Dislocation structure in a lath containing matrix 
carbides. Small dislocation loops are denoted by L,. 
and small spherical ca~bides at cusps and dislocation intersections are indicated by arrows. 
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Figure 26 - Electron micrograph of the tempered and deformed micro-structure. 
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Figure 27 
.2µ 
1 1 
- Dislocation structure within group of fine laths with 
coarse boundary carbides viewed in a) bright field and b) dark field. 
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Figure 28 - High magnification view of dislocation structure in tempered and deformed specimen. Unusual fringe contrast in vicinity of carbides is indicated by arrows. 
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Figure 29 - True stress-true strain curves for Fe-0.2 C lath 
martensite specimens with a packet size of 8.2 µm 
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conditions. 
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